Abstract--The absorption of dioxane, morpholine and piperidine from dilute aqueous solutions by Li-, Ca-, and Cu-montmorillonite is measured by means of a differential refractometer. This instrument measures small differences in the refractive indices of two liquids and provides a useful method for determining the amount of organic material removed from solution by the clay. Corrections are required for the effect of desorbed cations on the differential refraction measurements. Neutral molecules are absorbed in amounts related to the exchange capacity of the clay probably by cationdipole interactions. The results are consistent with the formation of complexes Li+-R and R-Ca2+-R R 2+ 2+
INTRODUCTION
OF THE three saturated ring compounds used in this study, dioxane , morpholine , and N H [,_.J , the two latter exist in both piperidine "IN" H neutral and cationic forms in aqueous solutions depending on the pH of the solution; dioxane exists only in the neutral form. Dioxane and morpholine are readily absorbed from dilute aqueous solutions by montmorillonite (Brindley and Wiewiora, 1969 ) and the present results show that piperidine also is very readily absorbed. The cationic forms of morpholine and piperidine will take part in exchange reactions with the inorganic exchangeable ions of the clay to an extent depending on the particular inorganic cations involved, and on the pH of the solution which determines * Clay-Organic Studies, XX. the concentration of the organic cations. The neutral forms of all three molecules are likely to be absorbed by cation-dipole interactions and these reactions will depend on the size and charge of the inorganic cations. There may also be reactions between the organic cations and the corresponding neutral molecules of the type B-H +''-B.
The structural similarity of the three types of organic molecules provides interesting comparisons between their absorption behaviors with montmorillonite. The role of the inorganic cations has been considered by using Li § Ca e § and Cu 2 § saturated clay. The measurements have been made so that both neutral and cationic absorptions have been determined over a wide range of pH values.
EXPERIMENTAL

Materials
A montmorillonite from Bates Park, Casper, Wyoming, with an exchange capacity of 125 meq/100 g clay dried 110~ 24 hr, has been used (see Pham Thi Hang and Brindley, 1970) . Li + and Ca 2 § saturations were made by treating the clay 233 with 1 N solutions of the respective chlorides five times, washing by centrifugation and finally by dialysis until a neutral chloride test was obtained. Cu 2+ saturation was made similarly using 1 N copper sulphate solutions. The washed clays were dried at about room temperature and stored in this condition. The organic compounds were used as supplied.
Absorption isotherms from aqueous solutions
Absorption isotherms were determined by measuring the change of concentration of the organic solutions by means of a model 470, differential refractometer made by the Phoenix Precision Instrument Co., Philadelphia, Pa. The theory and use of the instrument were described by Brice and Halwer (1951) . It consists essentially of a double cell into which two liquids of slightly different refractive indices, such as the initial solution and the same solution after depletion of organic material by absorption, are placed. The deviation of a beam of monochromatic light due to the difference in refractive indices is measured with a microscope fitted with a micrometer eyepiece. The movement of the refracted light beam, AX, is calibrated in terms of the difference in concentration, AC, of the two liquids for different initial concentration levels. Over the range of application of the instrument AX/AC is practically constant and varies only slightly with initial concentration, C.
As will be seen later, a complication arises when organic absorption takes place by a cation exchange reaction, because the desorbed inorganic cations affect the refractive index of the liquid in which the process occurs.
The organic material absorbed by the clay, measured in m-moles/100 g clay dried at l l0~ for 24 hr, is derived from the change of concentration of the solution. The effect of water absorption on the resulting concentration is practically negligible because of the large excess of water in the systems used.
In the experiments, a weighed quantity of montmorillonite, about 500 mg after drying, was equilibrated with 10 ml of organic solution containing 1, 2, 3... ml organic/50 ml water. After 24 hr, the clay suspension was centrifuged and the clear supernatant liquid removed for measurement with the refractometer. Measurements also were made of desorbed inorganic cations with a Perkin Elmer 303 atomic absorption spectrometer.
To show that water absorption by the clay has very small influence on the absorption data, consider the following case: 115 m-moles dioxane are absorbed per 100 g clay from a 1 mole % solution of dioxane (data taken from Fig. la) .
Under the experimental conditions used (i.e. 10 ml of solution and 500 mg clay) the initial amounts of dioxane and water in the equilibrating system were 1.02 mole dioxane and 101 mole water per 100 g clay. The absorbed dioxane is 0.115 mole per I00 g clay. Thus, about 10% of the available dioxane is absorbed. It required about 10 moles of water absorbed per mole of dioxane absorbed to reach 1% of the total water in the system.
Absorption under conditions of variable pH; measurement of displaced inorganic cations
Solutions of morpholine and piperidine were prepared containing 3 ml of organic material in 50 ml of deionized water (approximately 1.25 mole % organic). Variable amounts of 12 N HC1 were added so that after addition of montmorillonite in amounts of 500 mg to 10 ml of solution the resulting pH values ranged from about 12 down to 2. Aliquots of the clear supernatant solutions after a 24 hr period of absorption were analyzed by the differential refractometer and the Perkin Elmer 303 atomic absorption spectrometer as described previously.
With increasing acidity of the solutions, organic absorption becomes increasingly one of cation exchange and the effect of the desorbed cations on the refraction measurements must be taken into account. Corrections to the apparent change of concentration were made as follows: To prepared organic solutions of different concentrations, appropriate amounts of lithium, calcium, and cupric chlorides were added to cover the range of desorbed inorganic cations, (100-300 ppm for Li +, 100-1500 ppm for Ca 2+ and Cu2+). Corresponding amounts of HC1 were added to the standard solutions to compensate for the effect of added chloride ions. The corrections for displaced Cu z § ions were evaluated also by dissolving measured weights of copper metal in nitric acid solutions to give concentrations in the range 100-1500 ppm Cu2+; the nitric acid solutions were used as standards in refraction measurements.
X-ray diffraction measurements
After 24 hr absorption runs, the clay sediments obtained by centrifugation with their associated organic solutions were spread on glass slides. Excess liquid was drained from the slides, but sufficient remained to keep the clays obviously wet during diffractometer runs (usually from 2 ~ to 40 ~ 20, with nickel-filtered CuKa radiation recorded at 1 ~ 20/min). The samples were mounted in an enclosed chamber on the diffractometer together with a small vessel containing the equilibrating liquid to prevent drying out of the clay coated slides.
Basal reflection intensities to the highest observable order, usually 00, 12, were measured on some of the better-ordered complexes and onedimensional Fourier syntheses were computed.
RESULTS AND DISCUSSION
Absorption isotherms
Results for Li-, Ca-, and Cu-montmorillonite are given in Fig. 1 where the absorbed organic material, in m-moles/100 g clay dried 24 hr at l l0~ is plotted against equilibrium solution concentrations expressed as mole percentages. A dashed line is used for morpholine absorption by Li-montmorillonite in dilute solutions ( Fig. la) because the clay was not fully sedimented by long periods of centrifugation.
The amounts of desorbed inorganic cations, expressed in meq/100 g clay, also are shown with Li + >> Ca ~+ >> Cu ~+, the last being too small to be shown in Fig example, means Li + displaced by morpholine. Cations were not displaced by dioxane. The corrections to the absorption measurements necessitated by the desorbed inorganic cations were quite small for these experiments, of the order of 5 m-mole/100 g clay. Table 1 summarizes and analyses the maximum absorption values shown in Fig. 1 . The total absorption is resolved into cationic absorption (= to inorganic cations desorbed) and neutral absorption, the difference between total and cationic absorptions. Several interesting results emerge from these data, For dioxane, which does not involve cationic absorption, the amounts absorbed by the three montmorillonites, 118, 118, and 122 m-moles/100 g clay, are numerically very close to the exchange capacity, 125 meq/100 g clay. The results suggest simple ratios between dioxane molecules and the inorganic cations, namely Li+-R, R-CaZ+-R, and R-Cu2+-R (R=dioxane). The mechanism of absorption is probably a cation-dipole attraction, which is greater for the divalent ions than for the monovalent ion.
Since Cu ~+ ions are not desorbed by morpholine and piperidine in these adsorption isotherm measurements, the absorption of these compounds can involve only neutral molecules. The amount absorbed suggests an association mainly of 3R with R each Cu 2 § ion, which can be represented ) Cu 2+-R R, (R = morpholine, piperidine).
The absorption of morpholine and piperidine by Li-and Ca-montmorillonite is partly cationic and partly neutral molecule absorption. The pH values of the organic solutions were 10-9-11.4 for morpholine, and 11.8-12.1 for piperidine. Under these conditions, cationic absorption is appreciable, as the data in Table 1 clearly show. However, the neutral molecule absorptions still remain about the same. Therefore if neutral molecules are absorbed by attraction to cations, they must also be attracted to the organic cations, that is to say, complexes of the type RH+-R (R = morpholine, piperidine) appear to be formed. This type of association, called hemi-salt formation, has been discussed previously by Farmer, Mortland and others, mainly on the basis of infrared spectroscopic evidence. Mortland (1970, see especially pp. 83-85) has given the following description: When the amount of absorbed base, R, exceeds the number of protons available for cation formation, either the protonated molecule retains its proton against attraction by the unprotonated molecule, or two molecules compete for the proton on an equal basis and it does not identify with (Farmer and Mortland, 1965) and pyridinium-pyridine (Farmer and Mortland, 1966) . Other examples are given by Mortland (1970) . A further conclusion from the present work is that the molecules studied are absorbed either as cations by an exchange reaction, or as neutral molecules in association with inorganic cations by a cation-dipole attraction, or by hemi-salt formation with a hydrogen link (bond) between two R molecules. There appears to be no additional absorption attributable to surface forces or to zeolitic effects.
Absorption in relation to pH of solution
The absorption of morpholine and piperidine by Ca-montmorillonite and of morpholine by Cumontmorillonite from pH 12 to pH 3, and the amounts of Ca ~+ and Cu 2+ ions desorbed are shown in Figs. 2 and 3 . The differences between the curves marked I for total organic absorption, and II for cationic absorption (= inorganic cation desorption) give the absorption curves III for neutral molecules.
The corrections to the absorption measurements to allow for the effects of the desorbed inorganic cations on the refraction measurements become increasingly important as pH decreases. The corrections amount to about 35 m-moles/100 g clay when the exchange reactions approach completion.
The correction, therefore, is an essential one and the necessity for it detracts from the convenience of the refractometer technique for studying these absorption processes.
In Fig. 2 , at pH < 6, curve III for neutral molecule absorption appears to take negative values because organic cation absorption is less than the Ca ~ § ions desorbed. The probable explanation is that at pH < 6 protons participate in the reactions to an extent indicated by the negative values of curve III. The corresponding curve IV should then represent proton absorption. A confirmation of this explanation is obtained by considering the pH values of the morpholine solutions. For example, for the lowest pH measurement shown in Fig. 2 , the initial pH of the solution was 2.5, but after equilibration with the clay, the pH became 4.1 (as shown in Fig. 2 ). This increase of pH corresponds to a decrease of H § concentration of 3.1 meq/1., or 6.2 meq/100 g clay under the experimental conditions. This agrees almost exactly with the curve IV for the H § ion absorption.
The transition from mainly neutral molecule absorption at high pH to mainly cationic absorption at low pH takes place mainly over a range of pH around the pKa values of the molecules involved, The results shown in Fig. 3 have the same general form as those in Fig. 2 but provide a less satisfactory picture of the overall sequence of changes. In Fig. 3a , the high pKa value of pipeddine limits considerably the exploration of the changes at pH values above pK~, and in Fig. 3b one sees that Cu 2+ ions are not readily displaced by morpholine cations. 
--109 Table 2 shows an analysis of the results contained in Figs. 2 and 3a. For these analyses, the exchange capacity of the clay is taken as 125 meq/100 g. Columns (2) and (3) give the Ca ~+ ions desorbed and remaining on the clay. Columns (4), (5) and (6) show how the organic material is taken up. Column (4) equates the RH § cations to the Ca 2 § ions desorbed. Column (5) gives R adsorbed in the form RH+-R complexes and column (6) gives R absorbed as R-Ca2+-R. At pH values 11, 10, and 9 for morpholine, and pH 12 for piperidine, no problem arises in completing columns (5) and (6), because there are sufficient neutral R molecules to form the complexes. At lower pH values, however, there are too few neutral molecules available, and only estimated values placed in parentheses can be given such that (4) + (5) + (6) = column (8), which lists the total absorption measured. At pH 11, 10, 9 for morpholine, and pH 12 for piperidine, the sum of (4)+(5)+(6), given in column (7), agrees satisfactorily with column (8). 14-80 A. The data in Fig. 1 show a higher absorption of piperidine than of dioxane and morpholine by Li-and Ca-montmorillonite, but this does not hold for Cu-montmorillonite. One-dimensional Fourier syntheses have been made on several of the better organized complexes while still in contact with the equilibrating solutions. Figure 5 shows the results of three such syntheses extending from z = 0, the level of the octahedralocations, through the interlayer region, to z = 11 A where the next silicate layer commences.
X-ray diffraction data
The precise significance of the electron density peaks near z----6.25, 7.40 and 8.55 A is not immediately obvious, though one is tempted to relate these to the orientation of the organic molecules. The total electron count in the interlayer region is considerably higher than can be attributed to the absorbed organic molecules. Some uncertainty exists regarding the base lines for the curves shown in Fig. 5 , but if these are drawn so that the electron density is zero, or near zero, at z = 2-0 and 4-5 A, then two calibrations are obtained from the areas of the (I/2)AI, O peak, and the Si, O peak which can be assumed to contain respectively 80 and 100 electrons per unit cell.
For the syntheses illustrated in Fig An order-of-magnitude calculation can be made with about 100 electrons in the interlayer space and about 1 molecule or about 50 electrons attributable to organic material. This means that about half the interlayer electrons, i.e. 50, must be attributed to water molecules, i.e. about 5H~O per unit cell. This amount of water can readily be accommodated in two planes between the silicate layers. Figure 5 shows that the electron density peaks at about 6.4 and 8.6 A could be in part due to water molecules, and therefore one hesitates to draw any detailed conclusions about the organization of the organic molecules on the basis of the electron distribution curves.
The overall structural picture which emerges of these complexes in equilibrium with aqueous solutions is that the basal spacings are determined largely by the organic molecules, which form saturated complexes at low solution concentrations down to about 0.5 mole %, but a considerable water content of the order of 5H20/unit cell also is present.
CONCLUSIONS
The total absorption of the organic materials studied is resolved into neutral molecule absorption and cationic absorption. The neutral molecule absorption is related in simple ratios to the exchangeable cations and the mechanism of absorption is probably a cation-dipole attraction. The results are consistent with complexes of the types Li+-R and R-Ca2+-R for all three organic materials; Cu 2+ ions behave like Ca 2+ ions for R dioxane, but form ) Cu2+-R complexes with R morpholine and piperidine.
Morpholine and piperidine, secondary amines, form cations RH + which are absorbed by cation exchange reactions; this reaction becomes increasingly important and eventually dominant as pH diminishes below pKa for these substances. Neutral molecule absorption also takes place by virtue of the presence of RH § ions by the formation of RH+-R associations, with two molecules R linked by a hydrogen bond as previously discussed by Farmer, Mortland and others and called hemi-salt formation.
From (001) Fourier syntheses of complexes in equilibrium with aqueous organic solutions, it is shown that water molecules also are incorporated in interlayer positions to the extent of around 5H20/unit cell, probably accommodated in two planes.
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